these channels, a process referred to as Ca 2ϩ -depenof activating a D2 receptor-mediated intracellular signaling cascade. We chose to employ quinpirole to trigger dent inactivation. Calcium inactivation of NMDARs rethis signaling pathway in all subsequent experiments. sults in part from the displacement of the actin binding The use of dopamine was abandoned because of its protein ␣-actinin-2 from a binding site on the NR1 subdirect inhibitory effects on NMDA channels and because unit (Krupp et al., 1999) . it lacks selectivity for D2 class receptors. The CA1 region is innervated by dopaminergic fibers To further confirm that quinpirole was signaling via ( sults confirm the involvement of G proteins in mediating or low concentrations of dopamine (10 M) ( Figure 1C) the D2/D4-induced response. D2 class dopamine recepto acutely isolated CA1 pyramidal neurons, but not cultors are positively coupled to G i/o subunits and are known tured hippocampal neurons, evoked a long-lasting deto inhibit adenylyl cyclase activity. Consistent with these pression of peak NMDAR currents that far outlasted the reports, we found that the quinpirole-induced depresduration of their application. No currents were evoked by sion of NMDAR currents was dependent upon G i/o subapplications of quinpirole itself. The quinpirole-induced units ( Figure 2A) . However, the quinpirole-induced dedepression did not reverse over the first 25 min of repression was unaffected by the presence of either of cording in whole-cell recordings ( Figures 1E 1 and E 2 ) . two potent PKA inhibitors (Rp-cAMPs or PKI) (Figure However, when NMDAR currents were recorded using 2B) in the patch pipettes, suggesting that the response the perforated-patch configuration, we were able to is unlikely to be mediated via the inhibition of PKA. demonstrate a reversal of the inhibition following pro-PDGFB causes a similar depression of NMDA-evoked longed washing ( Figure 1D ). The quinpirole effect in currents in CA1 neurons (Lei et al., 1999; Valenzuela et whole-cell recordings was concentration dependent, al., 1996) ( Figure 3A) , and various GPCRs transactivate with a maximal inhibition of peak currents observed using the PDGFR . Indeed, in heterologous 10 M quinpirole ( Figure 1E 1 ) . Steady-state NMDAR curcell lines, activation of D2 or D4 dopamine receptors rents were also depressed in a concentration-depenactivates MAPK via signaling mechanisms that require dent manner (Figure 1E 2 ). All subsequent figures illus-PDGFR␤ activity (Oak et al., 2001). In light of these obtrate the effects of quinpirole on peak NMDAR currents servations, we hypothesized that the quinpirole-induced as steady-state currents were similarly depressed. The inhibition of NMDAR currents might therefore be mediamplitude of NMDA-mediated currents in isolated neuated via transactivation of the PDGFR␤. We found that rons remained constant over the same time course (note applications of PDGFB occluded the depression in- Figure 1D with subthreshold concentration of quinpirduced by quinpirole ( Figure 3A) , suggesting that D2/ ole). The most parsimonious explanation for the long-D4 receptors share similar signaling mechanisms as PDGFRs. To inhibit the activity of PDGFRs, we included lasting depression is that it represents the consequence (D) A similar depression of NMDAR currents was observed using the perforated patch recording configuration. Under these conditions, the quinpirole effect reversed after prolonged wash (peak, control: 99% Ϯ 2%; quinpirole: 70% Ϯ 6%; wash: 92% Ϯ 8%, n ϭ 5, p Ͻ 0.001; steadystate, control: 99.2% Ϯ 2%; quinpirole: 69% Ϯ 6%; wash: 87% Ϯ 8%, n ϭ 5, p Ͻ 0.001). (E 1 and E 2 ) In whole-cell recordings from isolated neurons, the quinpirole-induced depression occurred in a concentration-dependent manner. (E 1 ) At 1 M (77% Ϯ 8%, n ϭ 9, p Ͻ 0.001) and 10 M (69% Ϯ 3.7%, n ϭ 9, p Ͻ 0.001), quinpirole depressed peak NMDAR currents, 100 nM quinpirole (101.5% Ϯ 3.5%, n ϭ 8) was subthreshold for this effect. (E 2 ) Steady-state currents were depressed in response to 1 M (73% Ϯ 6%, n ϭ 9, p Ͻ 0.001) and 10 M (61% Ϯ 4%, n ϭ 9, p Ͻ 0.001), but not 100 nM quinpirole (90% Ϯ 4.1%, n ϭ 8). The black solid bar indicates when quinpirole was applied. (F) Quinpirole's effect on NMDAR currents is mediated via D2-like receptors. Coapplication of 10 M spiperone blocked the quinpirole effect (quinpirole: 68% Ϯ 3.7%, n ϭ 5; quinpirole ϩ spiperone: 90% Ϯ 3.4%, n ϭ 7, p Ͻ 0.001, all data taken at 20 min). Applications of spiperone itself did not modulate NMDA-evoked currents (97% Ϯ 3.5%, n ϭ 6). L-745,870 (10 M) antagonized the quinpirole-induced depression (quinpirole: 69% Ϯ 6%, n ϭ 6; L-745,780: 96% Ϯ 5%, n ϭ 6; quinpirole ϩ L-745,780: 91% Ϯ 7%, n ϭ 6, p Ͻ 0.001) whereas 10 M raclopride did not, but 100 M raclopride did (quinpirole: 70% Ϯ 3%, n ϭ 5; raclopride: 96% Ϯ 4%, n ϭ 6; quinpirole ϩ 10 M raclopride: 80% Ϯ 1.5%, n ϭ 5; quinpirole ϩ 100 M raclopride: 94% Ϯ 5%, n ϭ 5, p Ͻ 0.001). At a concentration of 100 M raclopride, both D2 and D4 receptors are antagonized. All data taken at 20 min. (A) Application of GDP␤S blocked the D2/D4 effect (quinpirole: 70% Ϯ 5%, n ϭ 7; GDP␤S ϩ quinpirole: 89% Ϯ 5%, n ϭ 6, p Ͻ 0.001). GDP␤S by itself did not modulate NMDAR currents (20 M, 91% Ϯ 5%, n ϭ 6). The G i/o inhibitor pertussis toxin (PTx, 5 g/ml) inhibited the D2/D4-induced depression when included in the patch electrode (quinpirole: 73% Ϯ 2.7%, n ϭ 6; PTx: 95% Ϯ 5%, n ϭ 5; quinpirole ϩ PTx: 100% Ϯ 2%, n ϭ 5, p Ͻ 0.001). With the G ␤␥ -scavenging peptide ␤ARK(CT) (5 M) in the internal recording solution, quinpirole no longer depressed NMDAR currents (quinpirole: 71% Ϯ 5%, n ϭ 6; quinpirole ϩ ␤ARK(CT): 105% Ϯ 3%, n ϭ 7, p Ͻ 0.001). ␤ARK(CT) by itself did not modulate NMDAR currents (99% Ϯ 5%, n ϭ 4) and the GST protein (5 M) failed to alter the degree of inhibition (78% Ϯ 6%, n ϭ 6, data taken at 20 min). Applications of PDGF also depressed NMDA-evoked currents yet this effect was not blocked by ␤ARK(CT) (PDGF: 74.6% Ϯ 6%, n ϭ 6; PDGF ϩ ␤ARK ( , which in turn inactivated NMDARs. these signaling events may also be involved upstream in the actual transactivation mechanism.
Calmodulin contributes together with Ca 2ϩ to the inacti- (Figblock of the channels by dopamine further complicates interpretation of these results. However, it is highly unure 6A), which is consistent with its effects on isolated CA1 neurons where both extrasynaptic and synaptic likely that synaptically released dopamine would reach such high concentrations in excitatory glutamatergic receptors may have been stimulated. Furthermore, this depression was sensitive to the PDGFR tyrosine kinase synapses. Indeed, the capacity of D2/D4 receptors to transactivate PDGFRs provides a novel mechanism inhibitor, TA9, the PLC inhibitor, U73122 (Figure 6A) , and the IP 3 R antagonist, Xestospongin-C (88.6% Ϯ 8.9%, whereby dopamine receptors located remotely from excitatory synapses can provide a modulatory signal. n ϭ 6, not shown). To confirm that quinpirole transactivated PDGFRs in these slices, we microdissected the Dopamine has been reported to modify excitatory synaptic transmission via potentiation of AMPA recep-CA1 region and immunoprecipitated tyrosine phosphorylated proteins before probing with a PDGFR␤ antibody.
tors ( were stimulated with either dopamine (1 m) or PDGF-BB (10 ng/ ml) and lysates were prepared as described previously (Domin et Hippocampal Slice Preparation and Recording al., 1996). PDGF␤ . receptors were immunoprecipitated by incubating Transverse hippocampal slices (300 m thick) were made from 2-to with 1 g of anti-PDGFR␤ (Santa Cruz Biotechnology, Santa Cruz, 3-week-old Wistar rats. Briefly, animals were decapitated following California) (4 hr at 4ЊC) followed by addition of 20 l of 50% Protein halothane anesthesia, and their brains quickly removed and placed A-Sepharose (Pharmacia) (2 hr at 4ЊC). After washing three times in cooled, oxygenated (95% O 2 , 5% CO 2 ) artificial cerebrospinal fluid with lysis buffer, pelleted beads were resuspended in sample buffer (aCSF) containing: 124 mM NaCl, 3 mM KCl, 2.6 mM CaCl 2 , 1.3 mM and denatured (95ЊC for 2 min). Immunoprecipitated proteins were MgCl 2 , 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , and 10-30 mM glucose, separated by SDS-PAGE and Western blotting was carried out using with the osmolarity adjusted between 320-330 mosmol. Whole-brain anti-phosphotyrosine (Upstate Biotechnology, Lake Placid, New coronal slices containing transverse sections of the hippocampus York) (1 g/ml)/anti-mouse-HRP (Sigma) (1:8000). Western blotting were prepared using a vibratome (VT100E, Leica). After a recovery was also carried out on cell lysates using anti-PDGFR␤ (1:500) and period of 1 hr in oxygenated aCSF, slices were transferred to a anti-rabbit-HRP ( .5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% slices were continuously perfused with oxygenated aCSF (2-4 ml/ Triton X-100, 30 mM sodium pyrophosphate, 1 mM ␤-glycerophosmin) at room temperature (22ЊC-24ЊC). Tight seals (Ͼ1 G⍀) were phate, 1 mM sodium orthovanadate, 40 mM NaF, 5 g/ml aprotinin, formed on the somata of visually identified CA1 pyramidal cells and 2.5 g/ml pepstatin A, 20 g/ml leupeptin, and 1 mM PMSF). Howhole-cell voltage-clamp recordings were obtained by rupturing mogenates were incubated with gentle rocking for 30 min at 4ЊC. the membrane with negative pressure. Recording electrodes with Samples were microfuged (13,000 rpm for 20 min) and the supernaresistances of 3-6 M⍀ were constructed from borosilicate glass (1.5 tant retained. Pellets were resuspended in an additional 200 l of mm diameter, WPI) using a two-stage puller (PP83, Narashige) and solubilization buffer, sonicated, and incubated with gentle rocking filled with internal solution of the following composition: 140 mM for 30 min at 4ЊC. After microfuging, supernatants were combined Cs-gluconate, 10 mM HEPES, 2 mM MgCl 2 , and 0.5 mM EGTA (pH and the protein concentration was determined by BCA assay 7.2-7.3, osmolarity 300-310 mosmol). Cells were held at Ϫ20 mV (Pierce, Rockford, Illinois). and series resistance was monitored throughout the recording period. Only recordings with stable holding current and series resistance maintained below 30 M⍀ were considered for analysis. Shaffer 
